The results of a n experimental study of the interaction between waves and a current propagating in the same direction, have been reported by Kemp & Simons (1982) . This paper describes the second part of the study, and considers the case of waves propagating against the current. Tests were performed in a laboratory flume with smooth and rough beds, and velocity measurements were made with a directionally sensitive laser anemometer as described in the previous paper. Analysis, including ensemble averaging of velocities and surface elevation, was performed by an on-line computer.
Introduction
A knowledge of the interaction of waves and currents is proving to be of increasing interest, with large offshore structures being sited in inhospitable marine conditions. Near the surface, loading on -structures and vessels is frequently due to combined waves and currents, while at the seabed the strongest mechanism for sediment movement involves pickup by wave action and transport by currents. Also, the prediction of wave heights after propagation through a region with current flowing can be important for design of shore protection.
Although there have been a number of experimental studies of combined wave and P . H . Kemp and R. R. Simons current flow which have looked a t particular aspects of the problem (Sarpkaya 1955 ; van Hoften & Karaki 1976; George & Sleath 1979; Brevik & Aas 1980) , there is still a lack of detailed data and understanding of the interaction process either in the upper layer or near the bed. The present study, which included tests on waves propagating with and against the current, and over smooth and rough beds, aimed to provide experimental data to assist in the verification of theoretical models, paying particular attention to the near-bed region. Careful consideration was also given to the experimental difficulties inherent in such laboratory flows. The first part of the results, dealing with waves on a following current, has already been published (Kemp & Simons 1982) . A considerable increase in bed shear stress and roughness scale was observed a t the rough boundary, as had been predicted by Grant & Madsen (1979) and Christoffersen (1980) using eddy-viscosity models of the boundary layer. The near-bed layer experienced lower mean velocity but greater turbulence intensities than for the current alone. These changes are relevant to sediment movement a t the bed, where Bijker, Hijum & Vellinga (1976) have reported increased upstream transport with the introduction of a current to wave motion.
One of the main objectives of the work described both in the previous and the present papers was to observe the interaction between a laminar wave-induced oscillatory boundary layer and a turbulent current, in order to determine whether the turbulence was affected by the potential flow. The experiments were then extended to the more practical situation where the bed roughness induced turbulence in both cases. This paper reports on the combined flow when waves propagate against the current, and compares the results with those obtained with waves on the following current.
Throughout this paper, for a quantity M , i@ is the ensemble average of M with M subtracted (z is the mean value over the full sample period) : 0 @ is the turbulence r.m.s. of M about periodic i@
Apparatus and instrumentation
The present tests, carried out on waves propagating against a current, were performed in the same channel as described by Kemp & Simons (1982) , but with modifications to the beach end. The channel was 0.457 m wide and had a test section 10.06 m long.
Initial trials revealed that air bubbles were being entrained in the water when i t entered the channel under the beach, and these led to inaccurate anemometer readings. Also, considerable turbulence was created by the flow through and round the beach, so altering the boundary-layer characteristics along the flume.
The air-entrainment problem was overcome by replacing the direct inlet pipe from the header tanks with a low-level constant-head system in the laboratory. The end of the channel was extended by adding a tank containing barriers of ballotini, hairlock and honeycomb sheeting, wire mesh, and wooden fairings to suppress inlet turbulence.
Having constructed an inlet producing flows of low initial turbulence, it was important that the beach did not cause any severe disturbance such as the jetting
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Inflow from W P FIGURE 1. Channel layout and recirculating system. through weak spots experienced by Thomas (1981) . This requirement eliminated any dense beach structure spanning the full flow depth. The solution adopted was to position a thin sheet of perforated metal slightly below wave trough level, supported by four thin rods from above. It was partly horizontal and partly sloping at 2.5' towards the wave-paddle end. When waves propagated onto this structure i t tended to flex. However, trials with additional supports showed that the movement increased the absorption of wave energy rather than reflecting it.
A further change required to control the opposing current was the addition of an overflow weir at the outlet behind the paddle. For flexibility of the system this was constructed a t the top of an upstand pipe. The revised channel layout is shown in figure 1 .
Velocities were measured using a laser-Doppler anemometer with phase shifting incorporated to give directional sensitivity. Wave-surface elevation was monitored by resistance probes. An on-line minicomputer was used for storage and analysis of data.
For the smooth-boundary tests the channel bed consisted of dural sheets onto which four coats of marine-quality paint had been applied. Under these conditions the current alone was well into the turbulent regime, whereas the waves alone were laminar.
The two-dimensional bed roughness used was constructed of 5 mm high triangular wooden strips placed a t 18 mm intervals along the channel bed. One of the objectives in selecting this bed form was that the smaller waves alone should be near the laminar regime (albeit with incipient vortex motion), while the higher waves should be turbulent. By Jonsson's (1966) criteria, the larger waves were transitional for the size of bed roughness selected, but it was felt that separation round the sharp-crested elements would induce earlier transition to turbulence than he predicted.
Spectrum analysis was carried out on the waves. I n this way i t was possible to eliminate any suggestion that any of the effects observed might have been due to the presence of parasitic waves resulting from imperfect wave generation.
Experimental programme and preliminary tests
The same range of wave characteristics was used as in the previous study, described in Kemp & Simons (1982) , viz tests WA1-5 were carried out on waves of increasing height propagating alone over a smooth bed, and WR1-5 were for the same paddle motion but with the waves propagating over a two-dimensional bed roughness. Tests CA and CR were for a current of mean centreline velocity of 185 mm/s, over smooth and rough beds respectively. Tests WCA1-5 and WCR1-5 were for the waves superimposed on the following currents CA and CR with appropriate bed conditions. In all cases still-water depth d was 200 mm a t the test section, and the wave period T was 1 s.
For the results described herein, tests DA and DR were for a current alone of mean centreline velocity 110 mm/s over smooth and rough beds respectively, while tests WDA1-5 and WDR1-5 were for the waves WA1-5 and WR1-5 propagating on the opposing currents DA and DR. The choice of a weaker opposing current was to a certain extent imposed by the physics of the channel inlet. However, it offered the opportunity to investigate the wave-dominated range of interaction more closely than had been possible with the following current. Flow parameters are set out in table 1.
Normalized mean-velocity profiles for the four currents measured alone are shown in figure 2. These show very good agreement for both rough and smooth bed cases, except within the near-bed region above the rough boundary. Here scaling might be expected to be on a roughness lengthscale rather than on boundary-layer thickness. When determining the height origin e for the logarithmic curve fit to the turbulent boundary layer, the stronger following current gave a value of 1.7 mm below roughness apex level. However, for the slower opposing current the value arrived a t was 3 mm below apex level.
In the previous work, in tests WCAl-5 and WCRl-5, a significant reduction in sidewall boundary-layer thickness was found. Preliminary tests were thus made for the opposing current case also, to check if similar changes occurred. Figure 3 confirms that, indeed, the sidewall boundary-layer thickness is dramatically reduced by the addition of even the smallest wave under test, from a value of 40 mm for current alone to approximately 10 mm when waves were superimposed. Qualitative tests with dye also suggested that very close to the sidewall the mean motion was against the current, and in the direction of viscous wave-induced mass transport. These results indicate a redistribution of flow across the channel when waves are superimposed on a current, at laboratory scale. This has to be borne in mind when interpreting the mean velocities.
Results

Wave-surface projiles
Measurements were made of wave heights H at regular intervals of 0.1 m along the channel to determine the wave parameters, including reflection, attenuation and surface profile. As was to be expected with a wave propagating against a current, the reflection coefficient was low ( < 5 yo) owing to the primary reflected waves now running with the current being lengthened and reduced in height. The surface profiles a t the anemometer position showed a slight asymmetry due to the presence of the reflected waves; but, when the measurements taken over a wavelength were phaseaveraged, the resulting profile showed very close agreement with Stokes second-order waves and with the Brink-Kjaer & Jonsson (1975) approach assuming a linear shear current (see figure 4) . This was as found for waves on a following current and for waves alone, although in the former case there had been a trend towards longer troughs and sharper crests. The attenuation rate of the waves along the channel was found to increase greatly when an opposing current was introduced. This contrasted with the results for the following current, when the attenuation rate was reduced (figure 5 ) . The change applied both to the viscous-dominated smooth-bed case, and to the turbulent rough-boundary tests. If the results are reinterpreted as height loss per wavelength, so taking into account the change in wa\clength with the addition of a current, there still remains the trend to incareased attenuation with the opposing current (40 Yo), and reduced attenuation with the following current (15 yo).
,Measured wavelengths over the smooth boundary showed an increase of 4 yo between the smallest and highest waves tested. The predicted value from Thomas (1981) , assuming a uniform current equal to the dcpth-averaged mean velocity, lay near the centre of this range, as did that from the linear shear-current theory of Brink-Kjaer & Jonsson (1975) . The constant vorticity used in applying the latter theory was that which gave the correct surface velocity and overall depth-averaged velocity. Wavelengths over the rough boundary remained almost constant for the full range of wave heights tested, at a value within 1 yo of thc theoretical predictions assuming uniform flow, and that of a linear shear current.
Wave-induced velocities
For each test run, velocities was measured a t the channel centrcline at u p to 30 positions in the vertical. The purely wave-induced, periodic velocities were computed by ensemble-averaging 200 wave cycles of data and subtracting the mean-velocity component.
In the immediate vicinity of the smooth bed where viscous effects dominate, the maximum and minimum periodic horizontal velocities were found to be in close agreement with Lamb's (1932) similar result was found for waves on a following current, although there was a trend towards the 'overshoot ' velocity being reduced for smaller waves in the latter case. The periodic velocities outside the rough-bed boundary layer, of about two roughness heights, and up to the surface were in good agreement (within 2 yo) with the theory of Brink-Kjaer & Jonsson (1975) for second-order waves on a linear shear current (figure 6). However, over the smooth bed the results are about 5 yo less than predicted. The difference may be attributed t o the mean-velocity profile over the rough bed being of a more uniform slope than that over the smooth bed, and so closer to the profile assumed in the theory. Velocities predicted by neglecting the current and simply applying second-order wave theory to the measured wavelength and height would underestimate results by 15 Yo.
Within the layer two roughness heights above the rough-bed apex level, periodic velocities were greater than the profile predicted near the bed. Values increased to a maximum at the bed apex level, where velocities 50% in excess of theory were measured. This behaviour was induced by vortices shed from the rough bed, and was similar to that experienced in the tests on waves alone. 4.3. M e a n velocities 4.3.1. Overall characteristics. Mean velocities were measured at up to 30 positions in the vertical at the channel centreline, by averaging the anemometer signal over 200 wave cycles. The profiles computed from these results indicate that over both smooth and rough boundaries the effect of superimposing waves of increasing height onto a current propagating against the waves is to increase the mean velocity in the upper flow. This is the opposite effect to that found for waves on the following current.
A comparison was made between the measured profiles and those predicted assuming a linear superposition of the separately measured unidirectional current and waves of the same height and length. This shows that a linear law of superposition does not apply, and suggests that the wave-induced return current towards the paddle in the upper layers is enhanced by the current (see figure 7) . If displacement and momentum thicknesses are calculated from these data, both are found to increase with wave height. Boundary-layer parameters are set out in table 2.
I n the bottom layer dominated by the boundary, different effects were experienced in the tests over the smooth and rough beds. In the smooth case, the slope of the linear profile, and hence the bed shear stress, in the viscous-dominated bed layer was reduced by the smallest wave, but was unaltered by any further increase in wave height. As for the case of the wave with following current, the velocities above this layer, in the logarithmic layer, tended to increase wit,h wave height, although the profile for the current alone did not fit this sequence. This discrepancy was probably attributable to the influence of the changing side-wall boundary-layer thickness, as described in $ 3 .
Near the rough boundary, the results showed the same behaviour as for the waves on the following current. The superposition of waves of increasing height led to a progressive decrease in mean velocity above the roughness apex level, with the reduction extending up through the logarithmic layer. I n the roughness troughs, the mean flow against the current increased with wave height.
~o g a r i t~~~c layer.
It has previously been shown (Kemp & Simons 1982 ) that when waves propagate on a following current the logarithmic layer still exists. The present tests confirm that the same applies with the reverse current, and that the changes induced in the region by the presence of the waves are independent of current direction relative to the wave. Over the smooth bed the logarithmic curve slope (and hence a measure of mean bed shear stress) remains constant to within 10 yo, for the three waves tested, and also throughout the wave cycle when periodic velocities are included.
Over the rough bed, however, the mean bed shear stress 'ib and roughness scale yo deduced from the slope and intercept of the logarithmic curve both showed an overall trend to increase with increasing wave height. For the largest waves tested, shear stress increased by a factor of three, and roughness scale by a factor of six times the values for current alone. The nature of the logarithmic profiles for each of the particular waves considered remained unaltered through the wave cycle, however, as was illustrated for waves on the following current.
The distribution of eddy viscosity with depth was computed from the mean bed shear stress and mean-velocity profile, using the relationship as assumed in Christoffersen (1980) . The results in the turbulent boundary layer indicate a linear distribution in all cases, with the slope deldy increasing with wave height. Near the rough bed a linear distribution of different slope was found, for both the current alone and for current with the smaller waves; but, as the wave height increased, so the results became more scattered, with no curve clearly defining the data (see figure 8) .
4.3.3. Ensemble-averageprojiles. With the aid ofthe computer it was straightforward to reconstruct velocity profiles, for any phase (within 2') of the wave cycle, from the mean velocities and ensemble-averaged periodic velocities a t 30 measuring positions in the vertical. An example of such a set of curves is shown in figure 9 , for run WDA3 over the smooth bed. Flow reversal was experienced at both the surface and the bed, as demonstrated in ( a ) , while ( b ) concentrates on the layer within 3 mm of the bed. The phase advance experienced a t the smooth bed in oscillary flow is clearly visible in this figure, being of the order of 35O, compared with the theoretical value of 4 5 O under laminar wave motion.
Turbulence intensities 4.4.1. Periodic variations.
The relatively low levels of turbulence found in the smooth bed tests made it difficult to identify any significant differences between the mean or maximum turbulence intensities for current alone and for current with opposing wave. Equally, this made it impossible to determine a definite boundary-layer thickness, although there appeared to be no significant change when waves were superimposed. This contrasts with the increase in both displacement and momentum thickness deduced from the mean-velocity profiles. There was, however, a notable periodicity in the turbulence intensities through the wave cycle in the logarithmic layer, where wave-induced vertical velocities were able to convect turbulence in a region where intensities varied with height above the bed. Within 2 mm of the smooth bed there were peaks in 6' at phases of maximum acceleration and deceleration (or zero absolute velocity), the larger values corresponding to deceleration.
Near the rough boundary, considerable disturbance was introduced into the flow by the vortices formed in the roughness troughs. Turbulence intensities thus fluctuated through the wave cycle, and were dependent on the outer flow velocities generating the vortices. Figure 10 shows the way in which the horizontal turbulence varied through the cycle a t positions through the depth of flow. From this figure it can be seen that within 5 mm of the bed there are two peaks of activity corresponding to phases of acceleration and deceleration, the greater being for the latter. As the current was flowing against the direction of wave propagation, this occurred as the wave crest was approaching and the water level was rising. In the experiments previously reported in which a stronger current flowed in the same direction as the wave, there was only one peak near the bed, and that too corresponded to the decelerating phase, in that case after the wave crest had passed.
In the present tests, the greater turbulence activity occurred at phases where the ensemble-average periodic velocity .ii had secondary peaks superimposed, and both v" and v " ' showed significant maxima, suggesting the periodic streaming of fluid from the vortices between the roughness elements.
Above this layer two roughness heights above the bed, the turbulence activity became periodic at the wave frequency, with the maximum value occurring during the passage of the wave crest. As for the smooth-bed tests, this could be attributed to the movement of high-turbulence fluid from near the bed by wave-induced upward motion.
Measurements of G' and 5' made in and over the roughness troughs indicated strong peaks and troughs, up to a level two roughness heights above apex level, a t which level values over spex and trough wEe identical. The variations in Reynolds stress u'u' through the wave cycle confirmed the results of the horizontal turbulese. At the phase prior to the passage of the wave crest there was a sharp drop in u'v' to a negative value ten times the mean value for current alone. At the phase corresponding to maximum acceleration there was a relatively mild peak, though with a positive value five times that for current alone.
4.4.2. Turbulence distribution with depth. The increase in turbulence activity described above near the rough boundary is illustrated in figure 11 . This compares the maximum horizontal turbulence intensity for the three cases of current alone, wave with opposing current, and wave alone, and demonstrates that, although the near-bed activity is of the same order of magnitude in the latter two cases, the effective turbulent boundary layer is far thicker with the combined flow, and of two to three times the intensity of the current alone. The same applies to the mean turbulence values over the wave cycle, where the activity near the bed is far greater ( > 50 yo for WDR3) than that for the current alone. The vertical turbulence results follow the same trends. The distribution of mean Reynolds stress over the depth in the outer flow appears insensitive to the presence of waves on the current, although near the rough boundary values are up to twice those for the current alone. Maximum stresses in the layer two roughness heights above the bed are far in excess of values for current alone, although above this level the distribution falls back close to that for the current. v, wave on opposing current WDRS. Measurements made over a bed-roughness element.
Discussion
When waves are superimposed on a current the previous results (Kemp & Simons 1982 ) and the present study indicate that near the boundary the mean flow is insensitive t o whether the waves propagate with or against the current. This is because the waves under consideration resemble plane oscillat'ory motion in this layer. However, velocities for the current alone near the smooth bed were observed to be greater than for the curfent with opposing waves. This could be due to the wave-induced masf transport towards the beach slowing the flow a t the bed. Alternatively, it may be a further symptom of the problems induced by changes in sidewall boundary-layer thickness when waves are superimposed on a current. Small oscillatory motions a t the walls appear sufficient to prevent formation of the usual boundary layer there, and so cause flow redistribution across the channel. This effect could be reduced by use of a wider flume, but that in turn might lead to unstable secondary flow cells across the flow.
The choice of flow parameters was such that over the smooth bed the interaction was between laminar waves and a turbulent current. In the case of the rough-boundary tests, the waves alone lay in the transitional/rough turbulent regime, while the current was again fully turbulent. Although changes in wave parameters observed in the combined flow could have been induced by transition to turbulence rather than by the wave/current interaction, nevertheless changes in wave attenuation rate were different for the currents of opposite directions, indicating a direct interaction effect rather than one of transition, which would be independent of the current direction.
The variations in turbulence intensity during a wave cycle near the rough bed were found to be different for waves and currents propagating with and against each other. This was due not to a change in relative direction but t o a change in relative magnitude. For the weaker opposing currcnt, flow reversal against the current took place every cycle, causing the generation and ejection of an upstream vortex in addition to the usual downstream vortex. This behaviour was similar to that for waves alone. With the stronger following current, the upstream vortex was far weaker, if formed a t all, leading to the formation and weaker ejection of only one vortex each wave cycle.
The presence of wave-induced vortices in the layer above the rough bed causes a drop in mean velocity and a large increase in apparent bed roughness and shear stress as determined from the mean-velocity profiles. This is as found for waves propagating with the current, and as predicted by the theories of both Grant & Madsen (1979) and Christoffersen (1980). The measured values appear to be in better agreement with the latter.
I n the upper flow, the relative directions of the wave and current become significant. When they are in the same direction, the mean flow is retarded, whereas if they oppose one another it is increased. This is consistent with the direction of wave-induced mass transport as measured for waves alone, and suggests that the current is enhancing the motion towards the paddle. Another interpretation could be to relate this change to the rate of wave attenuation along the channel. When waves oppose the current, attenuation increases and results in a loss of wave energy. However, the mean velocity in the upper layer is increased, causing an increase in current energy. When the waves propagate in the direction of the current there is less wave attenuation, less loss of wave energy, and a corresponding decrease in current velocity near the surface.
Mean-velocity profiles and turbulence intensities from the tests with waves on a following current indicated a reduction in boundary-layer thickness at the bed from the value for current alone. However, the present tests show no such clear trend for either an increase or decrease, although the mean velocity would suggest an increase in thickness. This would appear to be due to secondary, wave mass-transport effects near the surface rather than to changes in the turbulence characteristics of the boundary layer. The Eulerian velocity-measuring technique was taken into account when interpreting the mean velocities. If this was not done, it would tend to further exaggerate the change in outer flow velocities.
The logarithmic description of the mean-velocity profile was found to be valid for waves in both directions, and throughout the wave cycle. This applies to the wave period under consideration, but for longer, shallow water waves the wave boundary layer is likely to extend up into the current-induced logarithmic layer and produce a periodicity into the bed shear velocity deduced from the logarithmic slope. The possible effects of wave-current interactions on sediment transport were suggested by the authors in Kemp & Simons (1982) , based on the results from tests on waves with a following current. The present results concur with the gist of this section, although the relatively stronger waves on the opposing current produce a wave-induced boundary layer only approximately two roughness heights thick.
Conclusions
The following conclusions relate to the present study of waves propagating against a current, and comment on the previous case of waves propagating with a current.
(1) For the combined waves and currents under test, the relative directions of flow do not influence the interaction near the bed, whereas in the upper layer mean velocities are dependent on the direction of wave propagation.
(2) Near the rough bed, mean velocities are decreased by the presence of waves in both cases.
(3) For waves on an opposing current, surface profiles remain close to Stokes second-order theory if scaled on wavelength and height.
(4) For the particular wave period used in these tests, wave attenuation is reduced by a following current, but increased by an opposing current. It is not yet clear whether this applies more generally.
(5) Wave-induced periodic velocities are described within 5 % by a second-order theory taking the shear current into account in both cases.
(6) Turbulence intensities averaged over the wave cycle are increased by the superposition of waves on a current in either direction within a layer two roughness heights above the rough bed.
(7) Turbulence intensities and Reynolds stresses vary through the wave cycle near the rough bed, with peak values far in excess of those experienced by currents alone, but of the same order as for waves alone. The periodic variation is dependent on the relative magnitudes of current-and wave-induced velocity near the bed rather than on their directions.
(8) The sidewall boundary layer in the channel is considerably reduced in thickness in both cases when even the smallest waves are imposed on the current.
(9) A nearly horizontal, perforated metal sheet placed just below wave trough level acts as an efficient wave absorber, while not adversely influencing the opposing current profile.
